Leaves can be a useful source of taxonomic information in plants particularly when flowers and fruits are absent during certain periods of the year. In this study, we applied an elliptic Fourier analysis (EFA)-based morphometric technique to assess leaf morphological divergence among four species of southern African Strychnos section Densiflorae. Using leaf specimen images from field and herbarium collections, we extracted six shape variables [i.e. principal components (PCs)] from the Fourier coefficients and used these variables to describe leaf outline among the species. Our results indicate that the symmetric component of a leaf is the main source of shape differences accounting for 90.25% of total leaf shape variation and captures the more obvious range of observed shapes. PC1 of the symmetric variables describes a wide range of visually observable leaf shape among the species. MANOVA revealed significant interspecific differences except between S. innocua and S. madagascariensis, which could not be separated by outline analysis. A cross-validated group classification suggests that S. gerrardii, with a classification rate of 88.4%, is distinct from S. madagascariensis, contrary to some taxonomic treatments. We discuss the value of geometric morphometrics at detecting subtle morphological variations and the evolutionary implications of such variations, which may be undetectable to the human eye.
INTRODUCTION
One of the fundamental goals of systematic biology is the discrimination of taxa based on well-defined diagnostic characters with a view to correctly classifying and identifying future subjects. This is normally achieved by collecting morphological, ecological and/ or molecular data. In recent years, the number of molecular studies used for reaching important systematic decisions has risen exponentially, leading to sometimes necessary debates about the relative value of each approach in answering questions with which evolutionary biologists are regularly confronted (Baker, Yu & DeSalle, 1998; Will & Rubinoff, 2004) . The appeal of molecular methods has been the strong statistical basis coupled with a perception of considerable reduction in subjectivity. However, from a systematic standpoint, any meaningful interpretation of results from molecular studies is usually placed in a morphological context because such results are used to assign organisms to morphologically predetermined taxonomic categories (MacLeod, Benfield & Culverhouse, 2010) . Furthermore, morphology offers a rich, relatively cost-effective and easily accessible source of relevant systematic data (McLellan & Endler, 1998) . Morphological variations among organisms often provide insights into ecological and evolutionary forces at work within a group (Wiens & Graham, 2005) and may therefore serve as proxies for a wide range of environmental parameters for which there are no direct means of measuring (Wilf, 1997; MacLeod, 2005) . Thus, the molecular revolution, rather than threatening it, has reinforced the need for a better understanding of morphological patterns amongst organisms.
A limitation of most morphological methods as practised in the past is the considerable dependence on qualitative description of forms (Dickinson, Parker & Strauss, 1987; Baylac, Villemant & Simbolotti, 2003) . Although not entirely without merit, this approach is fraught with subjective and imprecise information especially when dealing with complex biological subjects the shapes of which are not within the sphere of regular human experience. Realization of this shortcoming led directly to the formulation of a quantitative framework for extracting and analysing meaningful morphological information from biological subjects, culminating in the so-called 'morphometric revolution' or geometric morphometrics (GM) (Bookstein, 1991; Corti, 1993; Rohlf & Marcus, 1993; Marcus et al., 1996; MacLeod & Forey, 2002; Jensen, 2003; Adams, Rohlf & Slice, 2004) .
GM entails the multivariate analysis of Cartesian coordinate data for landmarks and semi-landmarks (Zelditch et al., 2004; Slice, 2007) . Although the techniques of GM were developed for zoological subjects where type I landmarks (sensu Bookstein, 1991) are abundant, they have since been adapted to accommodate other subjects, plants included, where good landmarks are sometimes insufficient or altogether lacking. The outline approach to GM is particularly suited to capturing overall shape in two-dimensional objects such as plant leaves (Ferson, Rohlf & Koehn, 1985; Jensen, Ciofani & Miramontes, 2002; Slice, 2005) . Coinciding with the morphometric revolution, the past decade has witnessed an increase in the number of plant biology studies that have employed GM techniques solely or in combination with other methods (for reviews see Hearn, 2009; Lexer et al., 2009; Costa et al., 2011) . Of the outline methods in use, the elliptic Fourier analysis (EFA) approach has been shown to be efficient at group discrimination, even among intraspecific populations, and is being used increasingly in a variety of biological studies (McLellan & Endler, 1998; Hiraoka & Kuramoto, 2004; Milanesi et al., 2011) .
EFA decomposes a curve into a set of harmonic ellipses each of which is defined by four coefficients or elliptic Fourier descriptors (Kuhl & Giardina, 1982; Ferson et al., 1985; Lestrel, 1997 ). The standardized coefficients can then be used as shape variables in multivariate analysis (Sueur et al., 2010) . The technique also allows for a reconstruction of shape outline through the inverse Fourier transformation of coefficients (Crampton, 1995; Furuta et al., 1995) and is thus useful for visualizing areas of shape changes among subjects of interest.
There is a growing literature on the varied application of the EFA method in the plant sciences. Apart from its application in systematics (Neto et al., 2006; Viscosi & Fortini, 2011; Mebatsion, Paliwal & Jayas, 2012) , it has found other uses in the fields of agriculture and automatic object identification (Iwata et al., 2002; Chaki & Parekh, 2011; Costa et al., 2011; Direkoglu & Nixon, 2011) . In an instructive study, Iwata et al. (2010) combined elliptic Fourier descriptors and quantitative trait loci data in an association mapping to the genetics of rice grains to detect specific markers that could potentially improve yield. A recent study by Terral et al. (2010) investigated the possibility of a positive correlation between EFA-derived variables from seed shape and biogeographical patterns. Combining these data with genetics, they unravel the origin and domestication history of ancient European cultivars of grapevine (Vitis vinifera L.). Other authors have found the technique useful for uncovering cryptic diversity and for quantifying allometry (Langlade et al., 2005; Feng et al., 2009; Williams, Hall & Kuklinski, 2012) .
SOUTHERN AFRICAN STRYCHNOS
SECTION DENSIFLORAE Strychnos L. section Densiflorae Duvign. comprises eight species and is endemic to Africa (Leeuwenberg, 1969) . Three species (S. innocua Del., S. madagascariensis Poir. and S. pungens Solered.) listed by Leeuwenberg are found in southern Africa. Strychnos gerrardii N.E.Br., a fourth taxon found in southern Africa, is closely related to S. madagascariensis. Although not recognized by Leeuwenberg, the taxon is included in this study as it is regarded as distinct by many field botanists in SA as evidenced by determinations from herbarium collections, field guides and checklists (Germishuizen et al., 2006; van Wyk et al., 2011 ). Verdoorn's (1963 revision treated both S. gerrardii and S. madagascariensis (synonym S. dysophylla Benth.) as subspecies of S. innocua. Leeuwenberg, however, reduced S. gerrardii to synonymy under S. madagascariensis and elevated the latter to specific status. In Leeuwenberg's (1969) treatment, section Densiflorae is defined by floral and fruit attributes without much recourse to leaf characteristics (Leeuwenberg, 1969: 31) . Where leaves were used as diagnostic characters, the approach was qualitative and open to subjective interpretations. Given that these plants are evergreen, leaves and other vegetative diagnostic features are usually the first characters for identification in the field. Therefore, providing a sound quantitative footing for some of those qualitative descriptions will enhance their systematic value. Moreover, a significant number of herbarium specimens are sterile and the taxonomic ELLIPTIC FOURIER ANALYSIS OF LEAF SHAPE 543 determinations have, for some, been controversial. This study was undertaken to assess the value of leaf shape in the taxonomy of a small well-defined group of Strychnos spp.
Vegetatively, the four species are distinguishable by their leaves, bark and canopy structure. Strychnos gerrardii has completely glabrous, broadly ellipticoblong leaves with a narrowing, occasionally subacute apex and cuneate base. Mature trees have secondary branches that grow vertically without spreading. Leaves of S. madagascariensis may be glabrous or pubescent and are largely obovate-shaped with a rounded apex and cuneate base. A widely spreading canopy characterizes trees of this taxon. Some non-fruiting leaf specimens may be difficult to assign to one or the other of these two taxa due to possible hybridization between them (Verdoorn, 1963) . Strychnos innocua is similar to S. madagascariensis but with consistently glabrous leaves characterized by prominent reticulate venation on both sides. Strychnos pungens can be distinguished from the rest by its tough, elliptical, glabrous leaves with a distinctive sharp apex.
As a contribution to the biology of the southern African Strychnos in general, the main aims of this study were to (1) quantify leaf shape in southern African Strychnos section Densiflorae and (2) estimate interspecific distances and the extent to which leaf shape can discriminate among the four taxa.
MATERIAL AND METHODS
Mature, undamaged leaf specimens were obtained from field or herbarium collections (Table 1; see Appendix 1 for vouchers). For some species where insufficient materials met these criteria, verified images from the JSTOR webpage (http://plants.
jstor.org/search? last accessed on 10 April, 2012) were used. All specimens are of southern African origin ( Fig. 1 ; Table 1 ). Specimens were assigned to species a priori based on a combination of vegetative (tree bark, leaf texture and canopy shape) and reproductive (flowers and/or fruits) features following the diagnoses of Verdoorn (1963) and Leeuwenberg (1969) . We excluded leaf shape from our specimen selection criteria to avoid circularity of argument as the investigation hinges on this attribute. Leaves were selected only from specimens with flowers and or fruits, thus reducing our sample size.
For specimens collected by the authors and loose leaves of some herbarium materials, abaxial surface colour images of leaf outlines were captured with a flatbed Canon MP140 scanner at a resolution of 300 dpi. Leaf images from the JSTOR webpage and from other herbarium specimens were first processed with GIMP version 2.6 (Kimball & Mattis, 2006) for similarity in orientation and resolution with the other scanned images. A total of 438 leaf specimens covering the four taxa were sampled, of which 141 met our selection criteria. The images were converted into black-and-white silhouettes and saved as 24-bitmap format with Microsoft Paint tools.
ELLIPTIC FOURIER PROCEDURE AND STATISTICAL ANALYSIS
We obtained the closed contour of each leaf as chain codes from digital images (Freeman, 1974) . The coefficients of the elliptic Fourier (EF) descriptors were rendered invariant to leaf size and rotation but not invariant to starting position of the contour, which was retained at the apex, the most consistent landmark for Strychnos leaves. The shape of each leaf was approximated with the first 25 harmonics to generate N is the number of individuals, which is a combination of field and/or herbarium collections.
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(25 ¥ 4) -3 (i.e. 97) coefficients of the normalized EF descriptors. We arrived at this optimal number of harmonics by visual comparison of reconstructed leaf images at different harmonics with an original silhouette of the same leaf. We performed an exploratory principal component analysis (PCA) on the dataset and then partitioned the EF descriptors into two uncorrelated groups based on whether the coefficients described symmetric or asymmetric aspects of variations (Lexer et al., 2009) . Using the variancecovariance matrix, a PCA was performed on each set of data separately to reduce dimensionality and summarize the information contained in the coefficients. The partitioning allowed for evaluation of the relative contribution of each dataset to overall leaf shape variation. Shape variation was summarized by the first six principal components (PCs) otherwise considered as shape variables based on the cumulative percentage of explained variance being Ն 98%. The advantage of PCs is that they are orthogonal to one another and therefore describe independent trends in shape unlike EF coefficients (Andrade et al., 2010) . To explore the degree of similarity among species, a cluster analysis was performed on mean PC scores using the paired group algorithm. We performed a one-way ANOVA on the entire data set using each of these six PCs as dependent variables and species as predictor variables. Post-hoc analyses were run with Bonferroni's corrected pairwise tests. The contribution of each PC to leaf shape was visualized from the EF coefficients by setting the score for the PC in question to equal the mean ± 2 standard deviations while leaving the scores of the remaining components at the mean. The calculated coefficients were then used for extreme shape reconstructions through the inverse Fourier transformation method (Furuta et al., 1995) .
The effects of species on shape were further investigated with a single-factor fixed-effect MANOVA. To provide evidence for species discrimination, we performed a canonical variate analysis (CVA) on the six PCs and tested our a priori case assignments by cross-validation to correct for an optimistic error rate. Unequal sample size was corrected for by assignment of prior probabilities proportional to species sample size. EFA, data partitioning and PCA were performed with a suite of programs in the software package SHAPE ver. 
RESULTS

LEAF OUTLINE RECONSTRUCTIONS
The first 25 harmonics were sufficient for capturing shape information contained in the outline of the leaves. Main anatomical features of the leaf outline were described by the first 15 harmonics and finer details of the apex and the area around the leaf base were captured by higher order harmonics.
SHAPE VARIABLES AND INTER-SPECIFIC VARIATIONS
Independent shape variables were identified by PCA of Fourier descriptors. contributions of the first six PCs prior to data partitioning. These together accounted for 98.42% of the total variance. Figure 2 shows an ordination plot of the four species in a two-dimensional space defined by PC1 and PC2. The plots of S. gerrardii and S. pungens are similar along PC1, with mostly negative values, whereas most S. madagascariensis and S. innocua samples posted positive values along this axis. PC2 separates S. pungens from the other three taxa. The trajectories of S. madagascariensis and S. innocua along both PCs appear similar. The eigenvalues for explained variance show that symmetric variations account for 90.25% of total leaf shape (Table 3) . A one-way ANOVA indicated that symmetric EFA-PCs 1-5 had significant interspecific effects (Table 4) . Conversely, only one of the asymmetric EFA-PCs (PC3) had a marginally significant interspecific effect on leaf shape (Table 4) . Bonferroni post-hoc tests (Supporting Information Table S1 Table S6 ).
To illustrate the effect of each shape variable, i.e. PC, on overall leaf shape, the scores of the first six PCs were used separately for symmetric and asymmetric variations. For symmetric variation, PC1 captures anisotropy along the major axis of the leaf, which appears to be a function of the length/width ratio. This PC alone explains a wide range of leaf shape encountered among the four Strychnos spp. from elliptical to orbicular. PC2 describes the ovateobovate variation among the samples, whereas PC3 describes fine changes along the outline that reflect how oblong the leaves are. The remaining PCs (4 and 5) expressed fine-scale variations around the apical region that do not readily lend themselves to visual interpretations (Fig. 3) , although ANOVA results suggest the difference is due to length/width ratio (supporting Tables S4, S5 ). Outline reconstructions with asymmetric datasets shows a left-right basal and apical asymmetry on PCs 1 and 2. The other PCs revealed no observable variations across species (Fig. 3) .
Because the asymmetric component made little contribution to overall leaf outline variation, multivariate analyses were limited to the symmetric dataset.
As expected, MANOVA based on the six symmetric PC scores revealed a significant effect of species on leaf shape (Wilk's l = 0.1189, F = 23.32, d.f. = 18 and 373, P < 0.0001). With the exception of S. innocua and S. madagascariensis, all other interspecific groupings showed differences in the multiple comparisons (Table 5 ). The shape space occupied by each specimen was determined by projecting the scores of each specimen onto the first two CV axes. Canonical variate axis 1 (81.92% of explained variance) distinguishes S. gerrardii and S. pungens from the S. innocua-S. madagascariensis complex and CV2 (16.43%) separates S. pungens from S. gerrardii (Fig. 4) . The cross-validation test confirmed the observed discrimination trend with high percentages of correctly classified cases for S. gerrardii (88.4%) and S. pungens (82.1%) and low percentages for S. innocua (65.9%) and S. madagascariensis (44.8%). Contrary to expectation, PC5 had the highest loadings on CV1, followed by PCs 2 and 3 (Table 6 ). The extremely reconstructed outlines along the axes and the CVA scatter plots show that, along the most significant axis, S. madagascariensis and S. innocua correspond to an obovate-orbicular shape pattern. Strychnos pungens, by contrast, corresponds to the elliptical end of the spectrum, and S. gerrardii is intermediate. This pattern is supported by field and herbarium observations. Figure 5 presents a clustering relationship based on mean PC scores from the symmetric dataset.
DISCUSSION GENETIC CONTROL OF LEAF SHAPE SYMMETRY AND IMPLICATIONS OF ASYMMETRY
One clear finding from our study is that symmetric variations play a major role in determining leaf shape among these four Strychnos spp. Results of ANOVA and MANOVA pairwise comparisons also indicate some degree of heritability for symmetric as opposed to asymmetric variations (Tables 3-5 ). Our findings of symmetric dominance and apparent heritability are consistent with many other studies in which plant organs (e.g. petals or leaves, fruits or seeds) have been subjected to EFA for the purpose of classification (Yoshioka et al., 2004; Torres, Demayo & Siar, 2008; Kawabata, Yokoo & Nii, 2009; Lexer et al., 2009) . Although genetic control of leaf shape is well established (Kessler & Sinha, 2004; Tsukaya, 2006; Barkoulas et al., 2007; Koenig & Sinha, 2007) , the inability of our shape variables to discriminate between S. innocua and S. madagascariensis, two distinct species (Frasier, 2008) , would suggest that processes other than pure genetics are at work in determining leaf shape. Other contributors to shape could be epigenetic, environmental and developmental or, more likely, a complex interplay among these processes within the genetic background (Tsukaya, 2005; Klingenberg, 2010) . Quantitative traits such as shape are known to be influenced by several genes and are more susceptible to developmental pertubations than their qualitative counterparts (Kessler & Sinha, 2004; Mackay, Stone & Ayroles, 2009) . In contrast to the symmetric variation, only asymmetric PC3 showed any interspecific variation. The extreme PC reconstruction suggests that asymmetry observed among the Strychnos spp. is essentially a left-right pattern easily observed at the basal and apical ends of the leaves (see asymmetric PCs 1 and 2 Fig. 3 ). The phenomenon of fluctuating asymmetry (FA) is applicable in this case (Van Valen, 1962; Yoshioka et al., 2004) as Strychnos leaves are bilaterally symmetrical under normal circumstances. FA results when individuals from the same population or species are unable to undergo identical development on both sides of the body or body organs that would otherwise exhibit bilateral or radial symmetry (Leary & Allendorf, 1989) . It is generally attributed to environmental, developmental or genomic stress (Cowart & Graham, 1999; Roy & Stanton, 1999; Mal, Uveges & Turk, 2002) . The level of object asymmetry encountered in this study may be more of a reflection of interspecific variation and not environmental or genomic stress, as studies of FA are usually conducted at smaller scales involving populations of the same species or even leaves on an individual plant. It is therefore difficult to evaluate with certainty the fitness significance of asymmetry in the present study.
LEAF MORPHOSPACE AND INTERSPECIFIC RELATIONSHIPS
With the exception of the S. innocua and S. madagascariensis grouping, symmetric shape variables separated the other taxa including the S. madagascariensis and S. gerrardii complex. In Leeuwenberg's (1969) treatment of the genus, S. gerrardii was synonymized to S. madagascariensis. In contrast, our analyses of leaf shape data suggest the two taxa can be identified with a high degree of accuracy (Fig. 4) , and this is supported by other vegetative differences (Verdoorn, 1963) . Most S. gerrardii specimens occupy an intermediate position in the morphospace between the two leaf-shape types especially along the first CV axis, and some cases overlap completely with S. madagascariensis-S. innocua leaf gestalt. This may explain why sterile specimens of S. gerrardii are sometimes confused with S. madagascariensis in herbarium collections. The potential for hybridization between S. gerrardii and S. madagascariensis may further confuse the leaf morphological picture in their areas of sympatry, as suggested by Verdoorn (1963) . Indeed, some misclassified S. gerrardii specimens were sourced from the Tugela valley region of South Africa where putative hybrids between S. gerrardii and S. madagascariensis have been collected.
The perfect overlap in leaf shape observed between S. madagascariensis and S. innocua could have both environmental and genetic explanations. First, the species occupy similarly dry open habitats in southern Africa, and thus similarity in leaf shape could reflect evolutionary adaptation to environmental conditions, i.e. evolutionary convergence. Secondly, as shown by multi-gene molecular phylogenetic analysis (Frasier, 2008) , S. pungens is sister to a clade comprising S. innocua and S. madagascariensis, possibly implicating some underlying, genetically mediated processes. Similarity of leaf shape may therefore reflect retention in the two species of an attribute in their most recent common ancestor. Verdoorn (1963) hypothesized a close affinity between the two based on morphological evidence. If we thus isolate the group of interest, there is a striking congruence between our cluster analysis result (Fig. 5 ) and the molecular phylogenetic hypothesis of Frasier (2008) , although this may be a chance event associated with the small number of species involved. Leaf shape can converge among evidently disparate genetic entities inhabiting similar environments. This, however, is not to disregard the potential phylogenetic signal inherent in some morphometric datasets (MacLeod, 2002) .
STRENGTH OF GEOMETRIC MORPHOMETRICS AND LIMITATIONS OF HUMAN VISUAL PERCEPTION
Although there are any numbers of theoretically possible shapes in the morphospace of an organism (Gielis, 2003) , there appears to be genetic and developmental canalization into adaptive channels that places constraints on the degree to which any organism can explore the shape space and still be evolutionarily viable. These constraints have functional and hence adaptive implications for shapes in many organisms. By applying the techniques of geometric morphometrics, this study has highlighted the importance of leaf shape in plant systematic studies. Leaf characters, as employed in our study, can prove to be diagnostic at the species level, which may be helpful to end users of the taxonomic enterprise in pragmatic ways. A particular strength of GM methods lies in its ability to detect subtle morphological changes imperceptible to the human eye. For instance, ANOVA uncovered significant interspecific differences in PCs 4 and 5 of the symmetric and PC3 of the asymmetric variables (Table 4) . However, looking at the extreme reconstruction (Fig. 3) , these differences are barely detectable to the human eye and may be missed altogether. To illustrate the scale to which the human eye can miss important details, symmetric PC5, which had the highest loading on CV1, offered the least visually perceptible variation, from a human viewpoint. It would appear that those quantitative variations most likely to be overlooked are the most important for discriminating closely related taxa. Such subtle variations, if heritable, may have fitness consequences under certain selective pressures. In some insect-pollinated plants, it has been demonstrated that slight variations in petal shape can influence the decision of potential pollinators (Yoshioka et al., 2007; Gomez & Perfectti, 2010) or even mate selection in some animal species (Møller & Höglund, 1991) . The inability of the approach to discriminate between S. madagascariensis and S. innocua underlines the limitation of a single approach in solving problems in systematic biology. Nevertheless, geometric morphometrics constitutes an additional tool for analysis of morphological data and may prove valuable as we move in the direction of automated taxonomy. 
